Abstract. We investigate the rotational velocities of early-type stars in the Sco OB2 association. We measure v sini for 156 established and probable members of the association. The measurements are performed with three different techniques, which are in increasing order of expected v sini: 1) converting the widths of spectral lines directly to v sini, 2) comparing artificially broadened spectra of low v sini stars to the target spectrum, 3) comparing the He i λ4026 line profile to theoretical models. The sample is extended with literature data for 47 established members of Sco OB2. Analysis of the v sini distributions shows that there are no significant differences between the subgroups of Sco OB2. We find that members of the binary population of Sco OB2 on the whole rotate more slowly than the single stars. In addition, we find that the B7-B9 single star members rotate significantly faster than their B0-B6 counterparts. We test various hypotheses for the distribution of v sini in the association. The results show that we cannot clearly exclude any form of random distribution of the direction and/or magnitude of the intrinsic rotational velocity vector. We also investigate the effects of rotation on colours in the Walraven photometric system. We show that positions of B7-B9 single dwarfs above the main sequence are a consequence of rotation. This establishes the influence of rotation on the Walraven colours, due primarily to surface gravity effects.
Introduction
An outstanding problem in theories of star formation is the so-called angular momentum problem. Molecular clouds and cloud cores, even if they spin about their axis only once per Galactic rotation, contain much more angular momentum than the stars that form from them (see e.g., Spitzer 1968) . Observations suggest that an interstellar parent cloud must lose at least two to four orders of magnitude of angular momentum for a relatively wide binary system and a single star, respectively, to become dynamically possible (see Mouschovias 1991) . How does angular momentum get redistributed when stars form and what is the resulting distribution of rotational velocities? These questions can best be addressed by studying young stellar groups in which the stars are unevolved and physically related. It is in these groups that the observed distribution of projected rotational velocities (v sini) may still reflect the distribution of rotational velocities at the time of star formation. Observations of the present v sini distribution provide constraints on the angular momentum history of forming stars, and contain information on mechanisms that lead to angular momentum redistribution during star formation.
Suggested mechanisms for the redistribution of angular momentum, include magnetic braking and the formation of disks. Magnetic braking is important during the early, diffuse stages of star formation (Mouschovias 1991) . Stellar disks are important during the proto-stellar and pre main-sequence phases (see e.g., Bodenheimer et al. 1993) . Another way of redistributing angular momentum during star formation is through the formation of binary systems. This mechanism can be studied by relating the characteristics of the binary population in stellar groups to the v sini distribution, which may also provide information about tidal interactions in close binaries. Ultimately, observations of the v sini distribution in young stellar groups may provide information on the star formation process it-self. For a recent review on the role of rotation in star formation, see Bodenheimer et al.(1993) .
Another important aspect of the study of rotational velocities of stars is the effect of rotation on observed stellar parameters. It is well known that photometry and spectral classification of stars are affected by rotation, due to surface gravity effects. The resulting misinterpretation of the observed stellar parameters will bias age determinations for stellar groups and the derived mass distributions (e.g., Maeder 1971) .
OB associations are young and mostly unobscured sites of recent star formation and as such are well suited for studies of the properties of young groups of stars (for reviews see Blaauw 1964 Blaauw , 1991 . In this paper we focus on the Sco OB2 association. Because of its proximity (the distance to Sco OB2 is ∼ 145 pc, see de Geus et al. 1989) it is easily accessible to proper motion studies and as a result extensive membership determinations have been carried out for this association. Sco OB2 consists of three wellknown subgroups; Upper Scorpius (US), Upper Centaurus Lupus (UCL) and Lower Centaurus Crux (LCC). The Upper Scorpius subgroup is located near the remnants of its parental molecular cloud, and some of its stars are still partly obscured by gas and dust. We also study a subgroup located southeast of US, although the physical reality of this subgroup has never been established.
The ages of the three main subgroups were determined most recently from Walraven photometry by de Geus et al.(1989) . They found ages of 4-5 Myr, 14-15 Myr and 11-12 Myr for US, UCL and LCC, respectively. For US the kinematic age (i.e., the age determined by tracing the proper motions of the members back in time) was determined by Blaauw (1978 Blaauw ( , 1991 to be 5 Myr.
Studies of rotational velocities in Sco OB2 have in the past concentrated mainly on US. Slettebak (1968) determined v sini for 82 stars in US and UCL and found that on average the stars in US rotate faster than those in UCL (174 km s −1 vs. 119 km s −1 , but the rms spreads on these numbers are ∼ 100 km s −1 ) and that the mean v sini for B7-A0 stars is larger than that of corresponding field stars (212 km s −1 vs. 138 km s −1 ). The B0-B6 stars were found to rotate somewhat more slowly than field stars. Rajamohan (1976) derived rotational velocities for 112 members of Sco OB2 and found that for stars with M V < 0 . m 0 the distributions of rotational velocities are similar for US and UCL and resemble those of field stars. Stars with M V > 0 . m 0, all of which are located in US, were found to rotate much faster than corresponding field stars.
In this paper we present new projected rotational velocities from high-resolution spectra for stars that are established or probable members of the Sco OB2 association. We briefly describe the observations and sample selection in Sect. 2. In Sect. 3 we present and discuss the different techniques used to derive v sini from the observed spectra. In Sect. 4 we discuss the observed distribution of projected rotational velocities. Various hypotheses about the true distribution of rotational velocities are tested for the known members of Sco OB2. We also discuss the interpretation of the data in the context of these hypotheses. In Sect. 5 we combine photometric data with our rotational velocities and confirm that rotation affects the colours of the stars in the Walraven photometric system. We discuss the effects of the colour changes on age determinations and derivations of mass distributions. Finally, in Sect. 6 we summarize our conclusions and suggest future work.
Observations
The spectra from which the projected rotational velocities are derived were all obtained with the ECHELle + Electronographic Camera (ECHELEC) spectrograph, mounted at the Coudé focus of the ESO 1.52m telescope at La Silla. It consists of a 31.6 grooves/mm echelle grating and a 632 grooves/mm grism as a cross-disperser. The detector was a CCD (thinned, back-illuminated, RCA) with 640×1024 pixels of 15×15 µm 2 , and a read-out noise of 65 e − . In order to increase the signal to noise on read-out the CCD pixels were binned 2 × 2 (henceforth any reference to CCD-pixels is to the binned pixels). The linear dispersion of ECHELEC is 3.1Å/mm at 4000Å as measured for our data. This implies a velocity scale of 7 km s −1 per binned pixel and a resolving power of 21 500. The spectra cover the wavelength region 3800-4070Å which was recorded in 11-12 spectral orders. The formal (i.e., taking only photon and read-out noise into account) signal to noise ratio, measured at the top of the blaze profile in each order, typically varies from ∼ 70 to ∼ 300 between the blue and the red end of the spectrum. Further details on the observations are given in Verschueren et al.(1996) , which also describes the data reduction procedure in detail.
The data were collected during 1991-1993 in the framework of an ESO Key Programme aimed at the determination of high-precision radial velocities of early-type stars in young stellar groups (Hensberge et al.1990 ). The stars that were observed are established or probable members of Sco OB2. They form a subset of a larger sample of stars that was submitted for observation by the HIP-PARCOS satellite. The details of the selection of the HIP-PARCOS sample can be found in de Zeeuw, . For the present study a total of 156 stars was observed, of which 136 already have a measured v sini. We note here that the observations were not specifically designed for rotational velocity studies. The aim was to gather radial velocities and also to observe stars repeatedly in order to detect possible spectroscopic binaries. However, the data are also well suited for deriving a large and homogeneous set of rotational velocities. Because of telescope and instrumental limitations the magnitude limit of our sample is ∼ 7 .
m 5. As a result 75% of the stars in our sample are of spectral type earlier than B7 (see also Verschueren et al.1996) .
Of the observed sample 74 stars are established members, inferred from proper motions, found by Blaauw (1946) and Bertiau (1958) . For 13 stars membership was inferred from photometry by de Geus et al.(1989) . For the analysis in Sects. 4 and 5 we also added v sini data from the literature (Slettebak 1968, and Uesugi & Fukuda 1981) for 47 established members which were not observed in our programme. Of these additional stars, 36 are proper motion members, the remaining ones are photometric members. Our observed sample is divided among spectral type as follows: 2 O stars, 93 B0-B3 stars, 22 B4-B6 stars, 25 B7-B9 stars and 14 A-F stars. The additional data from the literature consists of 6 B0-B3 stars, 8 B4-B6 stars, 32 B7-B9 stars and 1 A star. In addition to stars in Sco OB2 8 early-type stars were observed which are not related to the association. A number of these stars were used in the process of deriving v sini (see Sect. 3.2) . The data were collected during four observing runs. The runs are labeled E2, E3, E5 and E7 by Verschueren et al.(1996) ; we will use these labels here as well.
Techniques Used to Determine vsini
We have used three different methods to obtain v sini from the ECHELEC spectra for the stars in our sample:
1. Deriving v sini from the full-width half-maximum (FWHM) of weak metal lines. This method is applicable for v sini < ∼ 80 km s −1 . 2. Deriving v sini from the comparison between an artificially broadened sharp-lined template spectrum and the spectrum of a star for which v sini is to be determined. This method is potentially applicable for 50 km s −1 < ∼ v sini < ∼ 200 km s −1 . This range depends on spectral type (see Sect. 3.2 and Appendix C). 3. Deriving v sini from the comparison of theoretical line profiles for the He i λ4026 line with the observed line profile. The theoretical profile is taken from atmosphere models for rotating early-type stars by Collins et al. (1991, hereafter CTC) . This method is in principle applicable for all velocities but is most useful for velocities for which method 2 fails, specifically for higher v sini.
Methods 1 and 2 rely on the classical model for rotating stars, as presented e.g., in Chapt. 2 of Tassoul (1978) . The third method relies on theoretical models in which the line profiles are calculated ab initio. Recently Collins & Truax (1995) discussed the consequences of using the classical model rather than the physically more appropriate ab initio model. The most important point Collins & Truax make is to beware of the assumptions that underlie the classical model for rotating stars. These are:
A. The observational aspect of a uniformly rotating star may be approximated by a circular disk subject to a limb-darkening law applicable to all parts of the stellar disk. B. The limb-darkening law and coefficient appropriate for the radiation in a line are the same as for the continuum. C. The form of a line does not change over the apparent disk; it is simply uniformly Doppler-shifted by the radial motion resulting from rotation.
Assumption A means that the radial velocity is constant along lines parallel to the meridian plane of the star. This assumption breaks down at high rotational velocities where the surface of the star starts to deform and can no longer be described as a sphere. The effects of the deformation of the star are twofold. The lines of constant radial velocity are not parallel to the meridian plane of the star and the line formation process is influenced.
The second assumption, B, is flawed for the following reason. The limb-darkening law describes the variation of the specific emergent intensity from the centre of the stellar disk to the limb. The limb-darkening laws that are usually quoted in the literature are derived for the continuum. However, because the core of a line has a lower specific intensity at the centre of the stellar disk, the total variation from centre to limb of the intensity at the wavelength of the line-core will be less. Hence the limb-darkening coefficient will be smaller for the line-core. This effect is very important in strong lines, where the limb-darkening coefficient shows a variation from the continuum through the wings to the core.
Assumption C does not hold at high rotational velocities because the distortion of the star introduces variations in the ionization-excitation equilibrium over the surface of the star. Furthermore, the local form of the line is influenced by gravity darkening and shape distortion. This means that there is a difference between the line profiles of an intrinsically slow rotator and those of a fast rotator seen pole-on. However, according to calculations in Collins & Truax (1995) the differences are very small and of no concern to the determination of v sini.
Before discussing the three methods in detail we should mention the format of the spectra. After the data reduction process the spectra are in the form of normalized flux as a function of CCD-pixel. The pixel scale has to be converted to a wavelength scale and for the radial velocity studies a log-wavelength scale is used (see Verschueren et al.1996) . It turns out that due to the specific geometry of the ECHELEC instrument, the CCD-pixel spacing in the spectra is almost identical to a spacing in ln λ. For methods 1 and 2 we used spectra that were not yet converted to ln λ-space and for which the different echelle orders were not merged. Furthermore, the continuum of the spectra was not yet globally corrected for instrumental effects (such as the echelle blaze), which means we had to use a local continuum for method 1. For method 3 we only used the order containing the He i λ4026 line, and to facilitate the comparison of the data to the model profiles the order was rebinned into ln λ-space. In the rebinned spectra the spacing is 2.8 × 10 −5 in ln λ or 8.4 km s −1 .
Deriving vsini for Sharp-Lined Stars
If one assumes that spectral lines in a star are broadened by rotation only, the width of the lines can be used to derive v sini. In practice spectral lines are also broadened by thermal and instrumental effects and by other mechanisms, such as the Stark effect (see e.g., Gray 1992, Chapt. 17) . Therefore one should use weak metal lines that are in principle only affected by thermal and instrumental broadening; two effects one can correct for. However, the weak metal lines can also be broadened due to blending, the possible spectroscopic binary nature of the star, or curve of growth effects. The latter is important for some of the stars in our sample (see below). Possible spectroscopic binaries show obvious double lines or they reveal themselves as stars for which v sini changes from one observing run to the other. Neglecting the binary nature leads to overestimates of v sini. The presence of line blends is more or less automatically taken care of in the conversion of linewidths to v sini described below.
At low values of v sini one has to take into account the consequences of assumptions B and C. Because the lines we use are intrinsically narrow and weak (the median residual flux in the line cores is ∼ 94%, the average and rms spread being ∼ 91% and ∼ 8%) the limbdarkening parameter will not be very different from the continuum limb-darkening parameter. The small wavelength range of the ECHELEC spectra also ensures that the limb-darkening parameter is nearly constant over the entire spectrum.
The widths of the metal lines are measured by fitting a Gaussian plus a straight-line (pseudo) continuum to the spectral line. As much continuum as possible is used and where necessary double Gaussians are fitted. The fitting process returns the FWHM of the best fitting Gaussian, which is a measure of the second moment of the line profile. The second moments for different limb-darkening laws are derived in Appendix A; because of our CCDpixel-spacing we use the formulas for ln λ-spacing. Note that Collins & Truax (1995) give the half-width at halfmaximum instead of the FWHM. The formal errors on the derived FWHM and amplitude of the best fitting Gaussian vary between ∼ 1% and ∼ 40%. These errors are influenced by uncertainties in the continuum level and a line-depth (at line-centre) of at least 4-5% is required if both the FWHM and amplitude of the best fitting Gaussian are to have errors of less than 5%.
The broadening of the lines depends on the assumed limb-darkening law. We used a linear limb-darkening law to relate the line-widths to v sini. Díaz-Cordovés et al. (1995) give limb-darkening parameters for the linear, quadratic and square-root approximations to limb- darkening. Their values are based on Kurucz (1991) atmosphere models. The value of the limb-darkening parameter for the linear law varies from ∼ 0.3 to ∼ 0.7 for the range of spectral types in our sample. We chose a constant value of 0.4 (characteristic of spectral type B3-B5, which is in the middle of our range) to derive v sini from the linewidths. Figure 1 shows the variation of the FWHM as a function of the limb-darkening parameter. It is clear from the figure that only small errors are made when using a single value for u. The variation between the extreme values is ∼ 4%. The measured line-widths also contain contributions from instrumental and thermal broadening. These contributions have to be subtracted before v sini is derived. For our spectra, the instrumental broadening amounts to 1.4 CCD-pixels FWHM for run E5 and 1.6 pixels for the other runs. These values were derived from the measured widths of thorium lines in the wavelength calibration spectra. The only metal lines that experience any significant thermal broadening (as compared to the instrumental FWHM) are the C, N and O lines. The amount of thermal broadening in these lines varies from ∼ 0.7-1.4 pixels FWHM. We divided our spectral range roughly into three temperature ranges. For stars with temperatures around T eff = 8000 K an average thermal profile of 0.7 pixels FWHM is used. For T eff = 15 000 K and T eff = 25 000 K the values are 0.9 and 1.2 pixels FWHM. The differences are small, but they are important for the stars with the sharpest lines. In practice the spectral type ranges that correspond to the temperatures above are: A1-B9, B8-B4, and B3-B0, respectively. The fitting of Gaussians to estimate the line-widths introduces a bias because of the non-Gaussian form of the rotational broadening function. We have determined this bias by making artificially broadened Gaussian lines that had intrinsic widths corresponding to instrumental plus thermal broadening. The Gauss-fitting routine was applied for a range of v sini values and the results were represented with a function of the form FWHM= a 2 + b 2 (v sini) 2 . The parameters a 2 and b 2 are then used in the derivation of v sini. Figure 2 shows an example of this investigation. The FWHM values found with the Gauss-fitting routine are compared to the analytically calculated values (Appendix A). The values for a 2 and b 2 are listed in Table 1 for different stellar temperatures for observing runs E2/E3/E7 and E5 separately.
Finally, to convert the widths of metal lines to v sini the following procedure is used. The widths are measured for as many lines as possible (typically 10-50, depending on v sini and spectral type) and converted to a histogram of v sini values for each star. This histogram will be contaminated by line-blends as well as by interstellar lines. By selecting the bins where most of the v sini values are concentrated one can weed out the blended lines, which cause v sini to be overestimated, and interstellar lines, which lead to underestimates. This method has been used before by Day & Warner (1975) . In practice it works best for sharp lined stars with a large number of lines. One can then easily distinguish a peak in the histogram. Examples are shown in Fig. 3 for two stars. One is a sharplined A1V star (v sini = 7 km s −1 ) for which ∼ 130 lines were measured. The other is a B2V star rotating with v sini ≈ 60 km s −1 , and for which 25 lines were measured. Also shown is the FWHM vs. line-strength for all lines measured. The lines that correspond to the peaks in the histograms are indicated as solid circles. Note that these lines define a definite locus and that for these two examples there is no increase of the FWHM with line-depth. All other lines are either blends, interstellar, or affected by cosmic rays. In the case of HD 144218 the value of v sini is higher and the peak in the FWHM distribution is less well defined.
Once the most likely range for v sini has been selected from the histograms we proceed by checking whether there is a significant correlation between line-depth and FWHM. Such a correlation is expected if lines are on the flat part of the curve of growth, where the FWHM increases with linedepth. If a significant correlation is found we correct the FWHM of each line by fitting a linear model to the data. After this correction we check whether the distribution of the FWHM of the lines is significantly skewed towards high values. If this is the case there may still be line blends in the data. We correct for these blends by repeatedly discarding the line with the largest FWHM until the rms spread in the data changes by no more than 10%. This procedure is applied subject to the condition that no more than 30% of the lines are discarded. The two quantitative criteria were found by trial and error. After the selection procedure is completed v sini is calculated as a weighted average of the v sini values given by each line. In order to ensure that lines with erroneously low formal errors on their FWHM do not enter into this average with too much weight, the median error in the FWHM is calculated from the data and half of this value is added in quadrature to all errors.
Deriving vsini by Template Broadening
For stars with v sini larger than about 50 km s −1 the method for deriving v sini described above becomes unreliable. This is because the estimated stellar continuum level is already significantly too low due to rotational broadening, which implies that the measured FWHM of the lines is underestimated. Furthermore, at higher values of v sini the number of lines for which one can measure the FHWM is reduced, and it is more difficult to identify and eliminate line blends. Therefore, a different technique for obtaining v sini is required.
The technique we consider here is that of broadening of spectra of sharp-lined stars and comparing the broadened spectrum to the spectrum of the target star for which v sini is to be determined. Again, the model that is used when broadening a template spectrum is the classical model for rotating stars. In this case all three assumptions of the classical model play a role. The assumptions on limbdarkening are now very relevant because of the inclusion of broad and strong hydrogen and helium lines in the determination of v sini. The limb-darkening we used was again linear limb-darkening with a parameter u = 0.4. The effects of varying the limb-darkening are discussed at the end of Appendix C. At the highest v sini values the deformation of the target star, which leads to changes in lineshapes over its surface, shows up as a mismatch between its spectrum and the broadened template spectrum (see also Appendix C). The template stars were taken from our own sample and they were required to have a low value of v sini (∼ 10-20 km s −1 ), which was determined using method 1.
Bearing all the mentioned caveats in mind we proceed as follows. We broaden a template spectrum for a number of values of v sini over a chosen interval and find the value for which the difference between broadened template and target is minimal. The search interval is chosen based on the literature value for v sini or by visual inspection of the spectrum of the target. The comparison between the broadened template spectrum and the target spectrum is done for 10 orders in the ECHELEC spectra (i.e., orders 139-148, see Verschueren et al.1996) . To find the best v sini value a figure of merit analogous to a χ 2 is constructed for each order separately. This figure of merit is the mean absolute difference, over all pixels, between the template and the target divided by the noise in the target spectrum. This is essentially an automation of the comparison that one would do by eye. Based on the values of the figures of merit a weighted average of the v sini values found for each order is calculated. Values of v sini at the edge of the search interval are discarded. These values usually point to noisy orders, orders with low information content or orders where there is a significant mismatch between the spectra of the template and the target. In all cases the values of v sini found for all orders are inspected to check whether the results are consistent. The wrong choice for the search interval can cause a large spread in the data that is not real.
The advantage of doing the comparison per spectral order is that it provides information on v sini independently for different parts of the spectrum. This provides an effective way of detecting mismatches, either intrinsic or due to the data reduction process, between the template and target spectra by demanding consistency of v sini values. A global comparison only gives a single value of v sini and spectral type mismatches are then only revealed by visual inspection. Furthermore, from the spread in the data and a visual inspection of the results one gets a good indication of the precision as well as the accuracy with which v sini was determined. Finally, there are often weaker lines . Note the mismatches between the spectra of the stars at several places in the continuum as well as in the wings of the hydrogen lines. These mismatches can be due to intrinsic spectral type mismatches or due to the data reduction process. present in the broad wings of the Balmer lines. The influence of these lines is not taken into account in the models by CTC. These lines can make a difference if they are strong enough and template broadening automatically takes their contribution into account.
Spectral type mismatches often result from slight differences in temperature or luminosity class. The temperature differences are readily apparent in the strength of the helium lines for B-stars and the luminosity differences are manifest in the hydrogen lines. Another problem to take into account when looking for a template spectrum is a possible error in spectral classification of either template or target. The only way to get around this problem is to try different template spectra and find the best match.
The information on v sini in the rotationally broadened spectra resides in the metal lines and in central parts of hydrogen and helium lines. It is important to get rid of the continuum and of the broad wings of Stark-broadened lines when calculating the figure of merit, otherwise these components dominate the determination of v sini, whereas in practice they carry no information on v sini. This problem can be solved by high pass filtering both spectra before comparing them. The filtering is done with a high-pass frequency filter in Fourier-space. The details of the filtering process are given in Appendix B.
Figures 4 and 5 show an example of the fitting process for a star for which the best value of v sini is 118 km s −1 . It is HD 121790, a B2IV-V, star and the template is HD 96706 with spectral type B2V. Figure 4 shows a direct comparison of the broadened template and the target spectrum. Figure 5 shows a comparison of the Fourier filtered spectra. All spatial wavelengths longer than 358 km s −1 were filtered out in this case. Note that in Fig. 4 there are several mismatches between the two spectra in the continuum as well as in the wings of the hydrogen lines. These mismatches bias the determination of v sini if no filtering is applied. The comparison between the two filtered spectra shows convincingly that the broad- ened template spectrum fits the target spectrum. The interstellar Ca ii λ3934 line is located in the central part of order 145. This line is left out of the comparison between the spectra.
As mentioned in the beginning of this section, the template broadening technique fails at high values of v sini. The reason is that the classical model for rotational broadening does not take the effects of gravity darkening into account. For stars rotating at a large fraction of their breakup velocity the surface gravity decreases in the equatorial regions. This leads to obscuration of the parts of the observed line profile that come from the equatorial regions. The result is that rapidly rotating stars which are observed equator-on have line profiles that resemble those of more slowly rotating stars. Furthermore, because of the strong lines that are used we expect the effects of limb-darkening to be more severe. We investigated both these effects on the template broadening method by using synthetic data generated from the models by CTC. These investigations are described in Appendix C. The conclusions are that the choice of the limb-darkening law is not important for template broadening, but gravity-darkening is important and one should be careful when using template broadening results as soon as v sini is larger than ∼ 120-150 km s −1 .
Determining vsini for Rapid Rotators by Model Fitting
For the stars with the highest values of v sini one is only left with the alternative of comparing model line profiles to the data. The only line in our spectrum for which rotating stellar models have been calculated is the He i λ4026 line. The models are given by CTC for a set of values of w, the fraction of the critical angular velocity at which the star rotates, and i, the inclination angle of the rotation axis with respect to the line of sight. The critical angular velocity of the star corresponds to the equatorial rotational velocity at break-up. The models were calcu- (b) and illustrate the effect of using a B3 model to fit the data of a B2 star. The He i λ4026 line is weaker for B3 stars than for B2 stars and the effect is that v sini is underestimated. The best fitting model in this case is: w = 0.5, i = 60
• , v sini = 124 km s −1 . The dashed lines indicate the continuum level of the models and illustrate the need for high-pass filtering.
lated for main sequence stars and for stars of luminosity class III for the spectral types B1, B3, B5, B7, and B9. The CTC models are based on the Roche model described in Collins (1963, see also Sect. 4.2) . The basic procedure we follow is to compare the whole line profile to the data for each (w, i) combination and determine v sini from the best fitting models. We stress here that we cannot derive w and i separately with our data. Usually a number of (w, i) combinations are consistent with the data and one can only derive v sini with a corresponding range of uncertainty.
From the set of models given by CTC we constructed a grid of models for each spectral type. In this grid w varies from 0 to 1.0 in steps of 0.1 and i varies from 0
• to 90
• in steps of 10
• . The models at grid points not given by CTC were constructed by linear interpolation between CTC models. We verified that using higher order interpolation methods does not improve the model grid. We also constructed models for B4, B6 and B8 stars by linear interpolation between spectral types given by CTC. A similar procedure is not possible for B2 stars because they have the strongest He i λ4026 lines; and here interpolation between B1 and B3 models is incorrect. For B2 stars B3 models were used and we discuss the implications below.
The model profiles are given as a function of wavelength so we used spectra rebinned into ln λ-space. The He i λ4026 profiles were transformed to ln λ-space (spacing in ln λ: 2.8 × 10 −5 ). The data and the models were compared for each (w, i) pair and the pair for which the reduced χ 2 is at a minimum was considered to correspond to the best fitting model. Possible radial velocity shifts were taken into account by automatically shifting the model with respect to the data for each (w, i) pair and searching for the minimum χ 2 .
In order to estimate the uncertainties in the derived value of v sini the ten models with the lowest χ 2 were considered. Of these, a model was considered equivalent to the best fitting model if the associated χ 2 did not differ by more than a factor of 2 from the minimum and if the emergent flux at all points in the model did not differ by more than 0.01 for He i λ4026 lines with a central depth of 0.9 or less. The maximum tolerated difference in fluxes was 0.005 for He i λ4026 lines with a central depth of more than 0.9. The v sini values corresponding to the best fitting models were subsequently averaged with the corresponding χ 2 values as weights. The rms spread in v sini values was taken as the error bar. In some cases one finds only one best fitting model and then the adjacent points located between the grid points were considered in order to assign an error bar to v sini.
As was the case with template broadening, there may be mismatches between model and data due to the continuum. We turned to high pass filtering again to get around the continuum terms. Because one wants to compare the whole line profile to the data, and because most of the target stars have a high value of v sini, only the most important continuum terms should be filtered out. In order to safely examine stars with values for v sini up to 500 km s −1 , we chose to filter away all spatial wavelengths larger than ∼ 1000 km s −1 . None of the stars in our sample have v sini values this high. Figure 6 shows three examples of the model fitting process. In all cases the comparison between data and best fitting model is shown both for the high-pass filtered data and for the un-filtered data. In Figs. 6a and 6b the data for HD 108250 (B4V) are shown. The best fitting model is indicated by the thick line. Note that in the direct comparison it appears as if the He i λ4026 model line is not deep enough and that the wings of the line profile do not match the data either. This is due to the continuum in the data which has not yet been properly rectified. This can be seen from Fig. 6b ; the Fourier filtered model and data now match well in both the line core and in the wings. Figures 6c and 6d show the same for HD 134481 (B9V). In this case the continuum close to the He i λ4026 line just happens to have the right value.
The strength of the He i λ4026 line reaches a maximum around spectral type B2-B3 and the B3 models are not always strong enough compared to the data. This is often the case when one considers B2 stars. Figures 6e and 6f show the effects of using B3 models to fit the data for a B2 star (here HD 129116 B2.5V). The He i λ4026 line is weaker in the B3 model than in the B2 star. Because both the broader wings and the deeper line core of the B2 star have to be fitted, v sini is underestimated.
All results were inspected by eye to judge whether the best fitting model was actually correct. We encountered stars for which the models corresponding to their spectral types did not fit the data. In those cases other models were tried and the spectral type for which the best fit was obtained was used to derive v sini. For the majority of these cases the strength of He i λ4026 and the ratio of He i λ4026 to He i λ4009 in our spectra indeed were not consistent with the spectral type of the star.
Finally, we remark that the v sini values are based on the rotational velocity of the star at the theoretically calculated break-up velocity, and the value of w and i. This means that the later interpretation of v sini distributions in terms of break-up velocities will be complicated (see Sect. 4).
Results
The results of the v sini determinations are shown in Tables 2a-2d. The tables contain the following data. Column (1) gives the HD number of the star and column (2) gives the number of the star in the HIPPARCOS Input Catalogue (Turon et al.1992) . In column (3) the spectral type is given as listed in the HIPPARCOS Input Catalogue. The derived value of the projected rotational velocity and its associated error are listed in columns (4) and (5). For stars for which we have v sini values from different runs the error-weighted average is listed. For the following sharp-lined stars the v sini values from two or more runs are not consistent within the error bars: HD 109668, HD 110879, HD 120307, HD 122980, HD 132955, HD 133955, HD 145502, HD 147165, HD 158408, HD 172910 . These stars all turn out to be spectroscopic binaries or radial velocity variables (see below). CTC provide a value for the break-up velocity (v br ) for each spectral type for which model profiles were calculated. Columns (6) and (7) list this break-up velocity and the ratio v sini/v br . In cases where the CTC model profiles were used the value of v br corresponds to the spectral type of the best fitting model and not necessarily to the listed spectral type (see also the notes to Table 2 ). For stars later than A0 and for supergiants we determined the break-up velocities based on stellar parameters given by Straižys & Kuriliene (1981) and Harmanec (1988) . For HD 149757 and HD 151804 we took the mass and radius given by Lamers & Leitherer (1993) . In column (8) we list which method was used to derive v sini. The method is indicated by its number and for some stars more than one method was used and a weighted average of v sini was then formed. For a number of stars none of the methods for determining v sini works (these are very early-type stars or late-type stars with only blended lines, or spectroscopic binaries for which line-profile fitting does not work). For these stars v sini was estimated by visual inspection of the spectrum or by taking a literature value; as indicated in the notes. In column (8) this is indicated by the number 4. Column (9) indicates whether or not a star is a member of Sco OB2; 'm' indicates that the star is a photometric member, as found by de Geus et al.(1989) , and 'M' indicates that the star is a proper motion member, as found by Blaauw (1946) and Bertiau (1958) . Finally, in column (10) we list whether the star has a constant radial velocity (CON), is a radial velocity variable (RV), a single-lined spectroscopic binary (SB1) or a double-lined spectroscopic binary (SB2). For stars without an entry in column (10) there is no good information on their binarity.
The duplicity information was obtained from the Bright Star Catalogue (Hoffleit & Jaschek 1982; Hoffleit, Saladyga & Wlasuk 1983) , Levato et al.(1987) and from preliminary findings by Verschueren et al.(1996) Levato et al.determined an orbit and list it as SB1. A star is considered a double-lined spectroscopic binary if any of these references list it as SB2 or SB2O. Note that the duplicity information pertains to duplicity that is apparent in the spectrum of the observed object; either through variability of the radial velocity or because of the presence of double lines. Thus, although some stars are part of a (wide) binary or multiple system, if there are no signs of duplicity in their spectrum they are listed as single stars. Finally, an asterisk after column 28114  B6IV  27  4  35039  B2IV-V  11  3  36591  B1V  10  3  45572  B9V  20  3  57682  O9IV  24  5  72660  A1V  7  2  91316  B1Iab  66  6  SB1  179761  B8II-III  16  3 (10) indicates that there is a note about that star in Appendix D. The notes contain information on the derivation of v sini. They also provide information about non-radial pulsations in the stars. These pulsations can have a sizeable effect on the line profiles and thus on the derived value of v sini. The information on the non-radially pulsating stars in our sample (including the β Cephei variables) was kindly provided by P. Groot. For the star HD 140008 it was possible to measure v sini for both components in the spectrum, and to within the error bars they both have the same v sini of 11 km s −1 . Both components were taken into account in the subsequent analysis of the data. For method 2 the following stars were used as templates: HD 96706, HD 120709, HD 126341, HD 129056, HD 132955, HD 134687, HD 149438. In Table 3 we give the projected rotational velocities of the additional set of early-type stars that was observed with ECHELEC. Of these stars the following have been used as templates for method 2: HD 28114, HD 35039, HD 36591, HD 45572, HD 72660, HD 179761.
Finally, the stars HD 140008, HD 143118 and HD 144294 are listed as members of UCL by de Geus et al.(1989) , but in order to be consistent with the subgroup boundaries as given by de Zeeuw et al.(1994) we list these stars as members of US. Figure 7 shows a comparison of the v sini values derived using the three methods described above. In Fig. 7a the results from line-width measurements and template broadening are compared. All the values are consistent within the error bars. However, the values from line-width measurements are systematically lower, although generally this effect is < ∼ 3 km s −1 . This is an effect of the lowering of the apparent continuum due to rotational broadening. A lower continuum means that the measured line-widths are too small, which leads to underestimates of v sini. Figure 7b shows the comparison of v sini values derived from template broadening and fitting the He i λ4026 line with models. Template broadening was applied for all spectral types over a large range of v sini. Thus, bearing in mind the discussion in Sect. 3.2 and Appendix C, we expect the two methods to yield inconsistent results for v sini > ∼ 150 km s −1 . This can be clearly seen in Fig. 7b . For 17 out of the 52 stars in this figure the v sini values from each method are inconsistent if one takes the error bars into account.
Consistency of the Three Methods for Determining vsini
In order to understand Fig. 7b better we break the plot down according to spectral type. For spectral types earlier than B5 most stars have v sini/v br < ∼ 0.5. The opposite is the case for later spectral types. So for later spectral types w > 0.7 (see Sect. 4 for a discussion on the relation between v sini/v br and w). That is precisely the range where template broadening fails. Figure 7c shows the comparison of the two methods if one leaves out spectral type B5 or later. The scatter at the high v sini end is much reduced but overall it is still significant. We have also indicated the B2 stars separately and one can see that most of them have model fitting values that are lower. We noted in the previous section that this is to be expected if the B3 He i λ4026 model lines are not strong enough compared to the data. Figure 7d shows the comparison if one uses only the results for template broadening from order 142 (containing the He i λ4026 line). Most of the B2 stars are displaced downwards, which is consistent with the remarks about B3 models made above. The other stars now lie closer to the line of consistent values and overall the scatter is somewhat reduced. The results in this figure suggest that the Balmer lines in other ECHELEC orders lead to underestimates of v sini for template broadening. This is indeed confirmed if one compares the template broadening results of all other ECHELEC orders to those from order 142.
Another cause for inconsistencies between template broadening and model fitting comes from the fact that one has to make assumptions about the stellar parameters in model fitting. One needs to know the radius and mass of the stars in order to calculate v br and hence v sini. This problem does not arise when one uses the classical model for rotational broadening. For example: CTC give a mass of 11 M ⊙ and a radius of 5.8 R ⊙ for a B1V star. However, according to the calibrations by Straižys & Kuriliene (1981) a B1V star has a mass of 12.9 M ⊙ and a radius of 5.9 R ⊙ , while Schaller et al.(1992) use 9 M ⊙ and 3.7 R ⊙ . These parameters lead to break-up-velocities of 491, 527 and 556 km s −1 , respectively. So a variation of more than 10% in v sini is possible due to uncertainties in stellar parameters.
We conclude that the three methods for obtaining v sini are on the same velocity scale. However, caution should be exercised when comparing the results from template broadening to those of model fitting. The average difference between line-width and template broadening results is 7%, and for template broadening and model fitting this difference is 10%. 
A Comparison of vsini Values for Standard Stars
We now turn to the comparison between our results and the values for v sini listed for the standard stars in the system presented by Slettebak et al.(1975, hereafter SCBWP) . They determined projected rotational velocities for stars with a range of spectral types and v sini. These measurements define a v sini velocity scale to which other measurements can be compared. However, if we use the line-widths for Mg ii λ4481 as measured by SCBWP and calculate v sini according to the modern models of CTC the discrepancies largely disappear and are no longer systematic. The new v sini values were derived directly from the Mg ii λ4481 line-widths according to the procedure described in Collins & Truax (1995) after correction for the intrinsic and instrumental broadening of the line. Among the sharp-lined stars there are also two giants for which SCBWP used mainsequence models to derive v sini, which leads to underestimated values. Therefore, we conclude that our derived values of v sini are on the same velocity scale as defined by SCBWP.
The Distribution of Rotational Velocities in Sco OB2
In this section we discuss the distribution of projected and true rotational velocities in Sco OB2. We concentrate on the known members of the association. Of the 156 stars we observed 88 are known members of the association (counting the double-lined spectroscopic binary HD 140008 as two objects). In order to increase the sample size we added v sini values from literature for an additional 48 members (counting HD 145501 twice). The membership of these stars was taken from de Geus et al.(1989) and Bertiau (1958) . The v sini values were taken from Slettebak (1968) and Uesugi & Fukuda (1981) . Their values are on the old velocity scale defined by the studies of Slettebak (1954 Slettebak ( , 1955 Slettebak ( , 1956 Slettebak ( , 1966a Slettebak ( , 1966b Slettebak ( , 1968 and Slettebak & Howard (1955) , whereas our v sini values are on the velocity scale defined by SCBWP. In order to take the differences into account we corrected the literature values downwards by 15% and 5% for B-type stars and A-type stars, respectively, as recommended by SCBWP. In Table  4 we give the resulting values of v sini for the literature sample. The columns have the same meaning as in Table  2 . The stars HD 120908 and HD 138690 are members of UCL, all others are members of US. Note that HD 147889 is a doubtful member according to Bertiau (1958) and de Geus et al.(1989) do not list this star as a member. However, including or excluding this star from the analysis does not influence the results. Table 5 shows the distribution among spectral type for the members of the subgroups of Sco OB2. The numbers in parentheses indicate the stars for which v sini was obtained from literature. Note that the sample observed by us is very biased towards spectral types B0-B3 (see Sect. 2). If one assumes the initial mass function given in de Geus (1992) for Sco OB2, the numbers indicate that our observations are far from complete. Note also that of the 48 v sini values from literature 46 are for stars in US and of these 33 are of spectral type B7-B9. All this means that caution should be exercised when comparing distributions of v sini for the various subgroups.
The vsini Distributions in the Sco OB2 Subgroups and the Binary Population
Figures 9 and 10 show the distributions of v sini and v sini/v br for Sco OB2 and each of the subgroups for which membership studies have been done. In both figures we indicate the distributions of single stars and binaries (spectroscopic binaries and radial velocity variables) separately, with solid and dotted lines respectively. Both figures suggest that amongst the binaries there is a higher proportion of slow rotators. We tested this by performing a robustrank-order test on the members of Sco OB2 that we have observed and for which we have good information on duplicity (see Table 2 ). This is a non-parametric statistical test that is designed to test for differences in the median of two samples (see e.g., Siegel & Castellan 1988) . Nothing is assumed a priori about the underlying distributions. For the v sini distributions this test confirms at a confidence level of more than 99.99% that the single stars have a higher median v sini. For the v sini/v br distributions the same result is obtained. This implies that the bulk of the single stars has a higher projected rotational velocity. We find the same result if we use all the members of Sco OB2 (assuming that stars for which we have no duplicity information are single).
The finding that binaries show lower rotational velocities can be interpreted as a consequence of the deposition of part of the total angular momentum in the orbit of the system at formation or as a consequence of tidal braking in very close binaries. Levato et al.(1987) have shown, using the v sini data of Slettebak (1968) , that there is a correlation between the frequency of duplicity and the average v sini for the subgroups US and UCL. This correlation is in the sense that stars in UCL rotate slower on average and that the frequency of duplicity is higher in that subgroup. Based on the duplicity data in Tables 2 and 4 we also find a higher proportion of binaries in UCL than in US. However the distributions of rotational velocities are not significantly different for these two subgroups.
If one looks at the data in more detail it turns out that most of the single stars at high v sini values are stars added from the literature in the spectral type range B7-B9, whereas our sample contains mainly B0-B6 stars (see Sect. 2). Most of the literature data (46 out of 48 stars) was added to US and indeed the difference between the single and binary stars is most pronounced for this subgroup (see Figs. 9 and 10) . In US the extra literature data consist of 28 stars for which v sini ≥ 150 km s −1 . Of these stars 15 are single stars in the B7-B9 range. The sample observed by us contains, in contrast, only one single B7-B9 star in the same v sini range. To check whether the stars in the B7-B9 range rotate faster we divided the sample in B0-B6 and B7-B9 single stars. Each of these samples was then divided into stars for which v sini ≥ 150 km s −1 and v sini < 150 km s −1 . Subsequently, a 2 × 2 contingency table analysis was done on the data with the Fisher exact probability test (see e.g., Siegel & Castellan 1988) . The test confirms at a confidence level of more than 99.99% that the B7-B9 single star sample contains more objects with v sini ≥ 150 km s −1 . If one does the same test for v sini/v br with the division of the samples at 0.4 then the same result is found at the 99.98% confidence level. The value 0.4 follows from the fact the all B7-B9 stars with v sini ≥ 150 km s −1 have v sini/v br ≥ 0.4. Thus, it could be that late B-stars exhibit intrinsically faster rotation. However, this finding is based on inhomogeneous v sini data. To really interpret the v sini data, a more complete coverage of the spectral types is needed in all subgroups of Sco OB2 and a complete census of the binary population as a function of spectral type is also required.
Finally, we remark that there are no significant differences between the subgroups of Sco OB2 for the median value and the overall distribution of v sini or v sini/v br .
Tests of Various Hypotheses about the Distribution of Intrinsic Rotational Velocities
We now test various hypotheses about the distribution of intrinsic rotational velocities against the data. We wish to investigate whether any constraints can be placed on the distributions of true rotational velocities and/or the orientation of rotation axes. This will lead to constraints on the origin of angular momentum in stars and on the star formation process. So far the only models for v sini distributions that provide detailed predictions are the ones that assume a random selection process. The magnitude of the rotational velocity and the inclination angle of the rota- tion axis are selected separately and randomly according to a certain prescription. These models do not take into account the physically more likely possibility that a star is formed with a certain angular momentum. The role of stellar mass and the star formation process is also ignored. We assume in all cases that the rotation axes are oriented randomly in space. This means that the distribution of inclination angles i is given by:
In what follows we define v e to be the true equatorial rotational velocity of the star, η = v e /v br and y = v sini/v br . Again, v br is the true equatorial velocity of the star at break-up, and w is the fraction of the corresponding critical angular velocity. Note that in case the Roche model is assumed for the rotating star, v sini is not equal to v br × w × sin i and that it makes a difference whether η or w is chosen randomly to generate the distribution of y. In the Roche model the star rotates uniformly and its surface follows an equipotential surface. The potential is generated by a point mass at the centre of the star. The equation describing the surface is:
Φ is the total potential consisting of a gravitational and a centrifugal term. The mass of the star is M and the distance from the surface to the centre is given by R. The polar radius is R p , which remains constant, and θ is the latitude on the surface of the star as measured from the pole. The critical angular velocity follows by setting g = −∇Φ = 0 and is given by: ω 2 c = 8GM/27R 3 p . With w = ω/ω c and setting x = R/R p Eq. (2) becomes:
Now, from the definitions of ω c , x and w it follows that η = 2 3 wx, where x is to be evaluated at the equator. This value of x follows by setting θ = π/2 in Eq. (3) and solving this equation for x for a given w. The equation can be solved analytically and it follows that:
It is this transformation between w and η that one has to take into account if the distribution of y is generated by picking w randomly. We tested the following models for the distribution of intrinsic rotational velocities of the stars:
1. The value of w is distributed homogeneously on [0, 1]. 2. The value of η is distributed homogeneously on [0, 1]. 3. The distribution of v e is given by a Maxwellian. 4. The distribution of w is given by a truncated Maxwellian.
All the hypotheses about the distribution of v e are variations on the assumption of a completely random distribution of rotational velocities. So the question is whether one can exclude any form of total randomness in the v e or w distribution. If all these models are excluded by the data then either one has to relax the assumption of random orientation of rotation axes or a non-random process for generating the distribution of rotational velocities has to be assumed. We find no correlation in our data between v sini and Galactic longitude, which is consistent with the assumption of random orientation of rotation axes.
For the four models above one can derive an expression for the distribution of y by using the formula given by Chandrasekhar & Münch (1950) :
where φ(v sini) is the distribution function of v sini and f (v e ) that of v e . If there is a break-up velocity, then Eq. (5) becomes (in terms of y and η):
The form of φ(y) for model 2 is derived in Chandrasekhar & Münch (1950, their Eq. (26) ). To derive φ(y) for model 1 one should use
with:
Deutsch (1970) showed, using arguments from statistical mechanics, that if ω is distributed isotropically with mutually independent Cartesian components the distribution of ω is given by a Maxwellian. The form of the distribution function is:
where z = jω and j is a parameter with the dimensions ω −1 . It follows that the distribution of v sini is then given by:
where u is jv sini and 1/j is the root mean square value of v sini which is the same as the modal value of v e for a Maxwellian (see Deutsch 1970) . This is the distribution of v sini for model 3. Note that it is assumed that there is no break-up velocity in this case. To derive the distribution for model 4 one should take into account that ω ≤ ω c . We chose to model this simply by truncating the Maxwellian at ω c and normalizing the resulting distribution. In terms of η one can find φ(y) by using Eqs. (4), (6) and (7). The distribution of w is now given by:
where erf is the error function. The distribution functions for y for models 1, 2 and 4 are listed in Table 6 (model 3 being given by Eq. (10)). For model 4 the integral in Eq. (6) has to be evaluated numerically. All the φ(y) are shown in Fig. 11 . Note that models 3 and 4 show a peak in the distribution at intermediate values of v sini and v sini/v br whereas models 1 and 2 predict a large number of slow rotators. 
The models were compared to the data by calculating the Kolmogorov-Smirnoff statistic D and the probability P that D exceeds the observed value under the hypothesis that the data were drawn from the model distribution (see e.g., Press et al.1992) . A model was rejected if P < 0.05. As argued in the previous section, the B7-B9 stars may be a group of stars that rotate intrinsically faster than B0-B6 stars. Our data consist primarily of B0-B6 stars and adding literature data on later types only to US may introduce artifacts in the v sini distribution that are the result of our sample selection. Thus we decided to compare the model distributions only to the B0-B6 stars.
We did the KS-test for Sco OB2 as a whole and for each subgroup. The data were also divided in single stars and binaries. The binaries include the spectroscopic binaries as well as the radial velocity variables. The comparison of the models to the data was focused on the members of Sco OB2. We are interested here in the distribution of rotational velocities in a group of physically related stars. The results are shown in Table 7 . In this table a "+" indicates that the model was not rejected and a "−" indicates that the model was rejected.
The number of measurements for each subgroup is rather small (40 stars in US, 26 in UCL and 24 in LCC), which makes it difficult to distinguish between models. The data for the single stars are compatible with all models. This is probably the result of the limited amount of data. If we take only the data for US into account and include the B7-B9 stars we find that only model 4 is consistent with the data. It is not warranted, however, to conclude that the formation of single stars leads to an isotropic distribution of angular momentum vectors. We have shown in the previous section that the B7-B9 stars rotate faster than B0-B6 stars. So there is an effect with stellar mass that model 4 does not take into account.
For the binary stars it seems that only model 1 is consistent with the data. What does it mean if we assume that this model actually describes the data? Do components of binary stars acquire a random fraction of their critical angular velocity or is model 1 the only model that predicts enough slow rotators? Remember that binary components show intrinsically slower rotation than the single stars. This may be due to the redistribution of angular momentum into orbital angular momentum. If one aims at putting real constraints on the star formation process by looking at the distribution of rotational velocities, then models are needed that take into account the details of this process. How does the combination of stellar mass, angular momentum and interior structure translate into an observed rotational velocity? So far no detailed predictions of this kind have been made. Mouschovias (1983) does give an estimate of the equatorial velocity of the star as it arrives on the zero-age mainsequence. His prediction follows from a consideration of magnetic braking in the early stages of star formation. As soon as the protostellar condensation is dense enough to decouple from the surrounding magnetic field its angular momentum is basically determined. It then follows that:
where R and ρ are the mean density and radius of the protostar and M C is the mass of the cloud-core from which the protostar formed. The factor ρ 2/3 R increases going from O to F0 stars. If one assumes that the mass of the cloud-core scales with the mass of the star that forms from it, this equation predicts a maximum in the rotational velocities somewhere between O and F stars. This is consistent with the observed distribution of velocities for field stars (e.g., Wolff et al. 1982) , and with our observed distribution of rotational velocities as a function of spectral type.
Another model for the origin of angular momentum in stars that takes the star formation process into account is given by Wolff et al.(1982) . They find a large number of slow rotators in their data that cannot be explained by the presence of binaries. Therefore they propose that all protostars start out in a state of low angular momentum. Subsequently, a number of them acquire higher angular momenta through gravitational interactions with other protostars or protostellar condensations in a forming cluster. This model then predicts a concentration of rapid rotators in the centres of clusters and associations. We cannot see this clearly in our data and in our case the presence of binaries can account for the excess of slow rotators with respect to a Maxwellian.
To go further more detailed predictions of the distribution of rotational velocities are needed that take the star formation process into account. Observationally, more data are required (v sini as well as duplicity information) for the members of Sco OB2 of spectral types later than B6. This will facilitate a study of v sini as a function of mass and of the relation to duplicity.
Rectifying the vsini Distribution
In the previous section we compared model v e and v e /v br distributions to the observed v sini distribution in Sco OB2. In this section we present the distributions of v e and v e /v br that follow directly from the rectification of the observed v sini distribution under the (sole) assumption of randomly oriented rotation axes. Two techniques are used to do so; Lucy-iteration (Lucy, 1974) and the technique presented by Bernacca (1970) . For both techniques it is necessary to have a good estimate of the observed probability density function (PDF). We used a so-called kernel estimator. The PDF is represented as a sum of kernel functions, each corresponding to a single data point. The kernel function is normalized to unity and it is characterized by a width h. The width depends on the observed distribution of the data. A rule of thumb for calculating h is given in Vio et al.(1994) . The kernel estimator provides a smooth estimate of the PDF. We used Gaussian kernels, in which case h corresponds to the standard deviation.
For both rectification techniques the interval for the kernel-estimate of the PDF was restricted to v sini ≥ 0 km s −1 . For the Lucy-iteration the upper limit of the interval was set by increasing the data interval in small steps until the cumulative distribution increased by no more than 0.01%. In the technique given by Bernacca (1970) one assumes that there is an upper limit to v sini. We used the break-up velocity of the stars as a function of spectral type and rectified the v sini/v br distribution. So the PDF was restricted between 0 and 1. In both cases the kernel-estimator formally has tails outside the intervals mentioned above, and we decided to simply re-normalize the PDF on the restricted intervals.
For the iterative technique given by Lucy (1974) we used the optimum stopping criterion described in Lucy (1994) . In his paper two quantities are defined:
and
where H is N −1 × the log-likelihood of the data vector ϕ (this vector being the estimate of the PDF described above), with ϕ the data vector that one derives from the rectified distribution ψ. S is a function that decreases as the solution ψ increases in complexity (Note that we took χ j constant in Eq. (6) of Lucy 1994). The solution ψ will describe a trajectory in the (H, S) plane during iteration and one can define the curvature of this trajectory as:
It turns out that the iterations should be stopped when κ passes through a minimum. Figure 12 shows the results of rectifying the observed v sini distributions for the members of each subgroup of Sco OB2. For US we also show the result of rectification if we use only our own data. In all figures the data histogram is shown. The solid line is the estimate of the observed PDFφ(v sini), the dashed lined is the rectified distribution ψ(v e ) and the short-dashed line is the PDF ϕ(v sini) that follows from ψ. Figure 12 suggests that the peak in the v e distribution lies at increasingly higher values going from UCL to LCC to US. This result is the same even if only our own data for US are used. Whether this effect is due to a decrease in binary frequency per subgroup is hard to tell. The data are incomplete for the B7-B9 stars for UCL and LCC. If one takes only B0-B6 stars into account and only our sample the binary frequency increases from LCC to UCL to US, opposite to the expected trend. However if one takes all the data into account then the binary frequency increases from LCC to US to UCL. We stress here again that the differences between the subgroups are not statistically significant. An improved sample is needed to settle this issue.
It is interesting that the shift in the peak of the v e distribution correlates with the ages of the subgroups. This suggests that the shift could also be due to evolutionary effects. Stars that evolve off the main sequence expand their outer layer and this may lead to a lowering of v e . This effect should be most pronounced in the giants and supergiants. The percentage of stars in these luminosity classes is, however, very similar for the three subgroups. If one also takes sub-giants into account then indeed UCL has the highest percentage of evolved stars, but the difference with the other subgroups is small. Moreover UCL and US have similar percentages of evolved stars. Apart from the statistics, the magnitude of evolutionary effects depends much on whether or not stars rotate differentially.
A drawback of the Lucy-rectification results presented above is that the existence of a break-up velocity is not taken into account. Yet, the v sini values we derived for rapid rotators are based on the value of the break-up velocity for the star in question. The rectification technique presented by Bernacca (1970) does take the existence of an upper limit on v e into account. If there is a break-up velocity then one can define an angle θ by:
It is clear that the inclination angle i must then satisfy θ ≤ i ≤ π/2. So one has more information about the rotation axes of the stars. If one assumes that the rotation axes are randomly distributed in space with the restriction on i given above, the distribution of i, f (i), can be derived from the observed v sini distribution:
The distribution of v e /v br (η) is then given by:
For a derivation see Bernacca (1970) . We have translated his formulas to y and η. Thus, with the technique of Bernacca one can derive the distribution of i as well as η and the distribution of η is now given by an integral which can be evaluated numerically. The results for the three subgroups of Sco OB2 are shown in Fig. 13 . We used the same estimates of the observed PDF as for the Lucy-rectification as input for Eq. (18). The resulting distributions of η (Fig. 13a) show the same trend as the v e distributions in Fig. 12 . Namely, a shift of the peak towards higher values of η going from UCL to LCC to US. Note that the up-turns in the distributions for LCC and UCL at η = 1 are probably not real but due to the singularity in the integral in Eq. (18). The distributions of i (Fig. 13b) are all very similar and essentially the difference from the distribution given in Eq. (1) is that there are less stars seen pole-on and more seen equator-on.
Effects of Rotation in the Hertzsprung-Russell Diagram
Rapidly rotating stars have deformed surface layers and their surface gravity varies from the pole to the equator. The atmospheric zones around the pole have close to normal surface gravities and thus emit an almost normal stellar spectrum. The zones close to the equator, however, have lower surface gravities and also suffer from obscuration due to gravity darkening. The stellar spectrum emitted from these zones then corresponds to lower surface gravities as well as lower effective temperatures. This implies that one expects changes in the photometric colours of the stars with rotation. These changes are a function of the inclination angle as well as the rotation speed.
These effects have been calculated by a number of authors for various photometric systems (see e.g., CTC and references in Tassoul, 1978) . In general stars are displaced away from the main-sequence and the mainsequence for rotating stars always appears brighter than its non-rotating counterpart. Stars observed pole-on are displaced vertically towards higher luminosities and stars seen equator-on are displaced more along the main sequence towards lower T eff .
The effects of rotation on the Walraven photometric system have not been studied previously. In this section we investigate whether there are stars for which the Walraven colours indeed correlate with v sini. We investigate unevolved members of the Sco OB2 association in order to avoid the effects of stellar evolution on the colours. The oldest subgroup in Sco OB2 has an age of 14-15 Myr and this implies that the upper mass limit for stars still on the main sequence is about 12 M ⊙ (using the models by Schaller et al.1992 ). This mass corresponds to stars of spectral type ∼ B1 (see e.g., Harmanec 1988). In the following we concentrate on the B1-B9 stars to find out whether there are effects of rotation on Walraven colours.
For the stars in our data we used the Walraven photometry of de Geus et al. (1990) and the value of log T eff and log g was taken from de Geus et al.(1989) . For some stars we had to derive log T eff and log g from the photometry and that was done as described in de Geus et al.(1989) and Brown et al. (1994) . In Fig. 14a we show the HRdiagram in the log g-log T eff plane for all B1-B9 main sequence dwarfs that are members of Sco OB2. Binaries were excluded from this diagram as well as B9p stars. The latter are known to have peculiar spectra and rotate slowly as a class. In Fig. 14a the symbol size scales with v sini/v br . It is clear that for log T eff < 4.2 the stars with large values of v sini/v br lie above the main sequence. In this temperature range one finds B7-B9 stars. The Kelvin-Helmholtz time-scale for these stars is ∼ 2-5 × 10 5 yr. Even for members of US this is short enough for all B7-B9 stars to have evolved onto the zero-age main-sequence. Thus we do not expect any pre-main-sequence stars among this group.
The only other reason for these stars to lie above the main sequence is that the transformation of the photometry to log T eff and log g is in error. We therefore show the same sample of stars in the Fig. 14b . The ZAMS is drawn in and the early type B-stars ([B − L] < 0.05) all lie on or very near this isochrone. In this colour-colour diagram the evolution of a star away from the ZAMS is towards the lower left (see de Geus et al.1989) . It is clear that for [B − L] > 0.05 the stars are displaced away from the ZAMS in the direction where evolved stars are expected. If we calculate the distance of each B7-B9 dwarf from the ZAMS (defined as the distance to the nearest point on the isochrone) and correlate that distance with v sini/v br , we find a correlation at the 95.2% confidence level. Thus the photometry is indeed affected by rotation for the B7-B9 stars.
The largest decrease in log g in Fig. 14a is 0.44 for a star with v sini/v br = 0.84. The latter value implies that w ≥ 0.96. Judging from Fig. 2 in Collins (1963) the value of the surface gravity then varies over a factor of ∼ 3 from pole to equator. This is consistent with our observed factor of 2.8. We conclude that the Walraven colours are affected by stellar rotation.
Note that some stars in Fig. 14b are located just above the ZAMS. It concerns a B2V, two B4V, a B8V and two B9V stars. One of the B4V stars is a star with emission lines. There is nothing peculiar about the other stars. The positions of the normal B2V and B4V stars can be explained as observational errors. The B8 and B9 stars however, lie further away from the ZAMS than the errors allow. This can be explained by the fact that for B7-B9 stars the empirical ZAMS for the Walraven system, as given in Brand & Wouterloot (1988) , lies just above the ZAMS defined by Schaller et al.(1992) .
The lower surface gravity derived for the B7-B9 stars affects age determinations based on isochrone fitting as well as the derivation of mass distributions. The age of subgroups in the association will appear higher because of the apparent presence of evolved B7-B9 stars. However, we note that the ages derived by de Geus et al.(1989) are not affected by rotation. The stars in the B7-B9 range had little weight in the isochrone fitting procedure. The same holds for the ages derived for the Ori OB1 subgroups by Brown et al.(1994) , who excluded the B7-B9 stars from their isochrone fitting procedure. The IMFs derived by de Geus (1992) and Brown et al.(1994) for Sco OB2 and Ori OB1, respectively, are not affected by rotation. In both cases the mass range used by the authors excluded B7-B9 stars.
Conclusions and Future Work
We have presented v sini values for 156 established or probable members of the Sco OB2 association. The projected rotational velocities were derived from echelle spectra using three different techniques, depending on the anticipated value of v sini. We have shown that the results for the different techniques are consistent and that our results are consistent with the standard system of SCBWP. On average the errors on our v sini values are ∼ 10%.
We analyzed our own data together with data for members of Sco OB2 taken from the literature. The analysis of the v sini distributions for the members of Sco OB2 reveals that there are no significant differences between the subgroups in Sco OB2. The binary stars in Sco OB2 rotate slower on the whole than the single stars. This is consistent with a picture in which angular momentum is transferred to the binary orbit during star formation, and possibly further removed due to tidal braking. For US we showed that the B7-B9 single stars rotate significantly faster than the B0-B6 stars. This may be consistent with the prediction about the distribution of rotational velocities given by Mouschovias (1983) . However, this result is derived from inhomogeneous data.
Given the present data we cannot definitely exclude a form of random distribution of intrinsic rotational velocities. The number of single stars in the data is not enough to get statistically significant results. Inclusion of the binaries complicates the picture due to the different physical mechanism by which binary components may acquire a low rotational velocity.
The rectification of the v sini distributions by either the technique of Lucy (1974 Lucy ( , 1994 or that of Bernacca (1970) , suggests that the peak in the distribution of rotational velocities shifts to higher values going from UCL to LCC to US. The interpretation of this finding in terms of binary fraction per subgroup or evolutionary effects is not possible with the present data.
For the Walraven photometric system we have now for the first time shown conclusively that the colours of stars are affected by rotation. This is most notably the case for the B7-B9 stars, where the distance to the ZAMS in the [B−U ] vs. [B−L] diagram correlates with v sini. However, we also conclude that the determination of ages and mass distributions for Sco OB2 (de Geus et al.1989 , de Geus 1992 and Ori OB1 (Brown et al.1994) are not affected by rotation.
The first step in improving the analysis of the v sini distributions in Sco OB2 is to get a complete sample in all subgroups. This entails selecting members on the basis of kinematic data and performing a complete census of the binary population. It is very timely that the data from the HIPPARCOS astrometric mission will become available in early 1996. The SPECTER consortium in Leiden (see de Zeeuw et al.1994 ) was granted observing time on this mission and we expect data for over 10 000 stars of spectral type earlier than F8 in the direction of nearby OB associations of which around 7000 are located in the direction of Sco OB2. The data will be analyzed for membership. The membership lists will greatly facilitate future extension of the v sini data as well as searches for binaries. In addition to proper motions HIPPARCOS will also provide information on duplicity for binaries with separations of more than 0.1 arcsecond.
On the theoretical side it will be very useful to calculate the expected effects of stellar rotation on Walraven colours. As a first step the calculations of CTC can be used. We have used the Roche model for rotating stars throughout this paper. This model is a very simple approximation to reality and introduces a specific breakup velocity. In the case of non-uniformly rotating stars it is not clear that a break-up velocity exists and the observed equatorial velocity depends very much on the internal distribution of angular momentum. For a given mass a stronger degree of concentration of angular momentum towards the centre of the star leads to a lower observed v e (see e.g., Bodenheimer 1971) . So a consequence may be that there are many more low v sini stars than would be expected on the basis of uniformly rotating models. Furthermore, the displacement of stellar models in the HR-diagram changes and becomes more parallel to the main-sequence if the central concentration of angular momentum increases. In highly differentially rotating models the stellar surface can develop a cusp at the poles and large variations in surface gravity may result. The present measurements of v sini still depend on the Roche model for rotating stars (for the rapid rotators) and on the correctness of approximating the atmosphere of a rotating star as plane-parallel pieces of Kurucz atmospheres on the surface of a rotating star. In order not to bias measurements of v sini better theoretical models are needed in which the atmospheric structure follows from the parameters of the rotating star.
Finally, real constraints on the star formation process can only be obtained if these data can be compared to models that make detailed predictions of the distribution of rotational velocities, taking the star formation process into account. The models should take into account the early phases of star formation. In these phases the details of the (possible) magnetic braking process may determine whether a binary star is formed or not (e.g., Mouschovias 1991) . Subsequently the angular momentum history of the protostellar phase should be taken into account. Besides the angular momentum history, the origin of stellar masses and their radii should also be looked into, as these determine the observed value of v sini. ducing the data. We thank R.J. Truax for kindly providing the CTC models in digital form. M. Perryman and J. Lub are acknowledged for comments that helped improve the final version of this paper. This research was supported Tassoul (1978) , we derive here the rotational broadening function A(x) for different limb-darkening laws. A rectangular frame of reference is used with its origin at the centre of the star. The Z-axis points towards the observer, and the Y -axis lies in the plane passing through the axis of rotation and the line of sight. It is assumed that the star is rotating uniformly, and that its observed disc is a circle of radius R (see also Fig. 15 ). For convenience: x = X/R and y = Y /R.
According to assumption C of the classical model for rotating stars the line profiles in the spectrum of a star are constant over its surface and are given by:
where I 0 (x, y) is the continuum intensity emergent at the stellar surface at position (x, y) and r(λ − λ c ) is the ratio of the intensity in the spectral line to the continuum intensity. The rotationally broadened spectral line is then defined as:
Here xv sini = −v z and A(x) is the rotational broadening function given by:
To calculate A(x) a limb-darkening law has to be adopted. In Table 8 we list three forms for the limb-darkening law and the corresponding rotational broadening functions. In the first column the limb-darkening law is listed and in the second column the rotational broadening function. In the limb-darkening laws µ = cos θ = 1 − (x 2 + y 2 ), where θ is the angular distance from the centre of the disc. The limb-darkening parameters are u, p, q, r, and s. The first two limb-darkening laws are the well known linear and quadratic approximation to limb-darkening and the third law is the square-root approximation proposed by Díaz-Cordovés & Giménez (1992) .
If S(λ) is the intrinsic spectrum, then the rotationally broadened spectrum S r (λ) is given by:
or, substituting z = λx vsini c :
where λ r = λ vsini c .
The Rotational Broadening Function in ln λ-Space
Rotational broadening of the spectrum depends on wavelength. This can be seen in the convolution integral in Eq. (A5) which is used to calculate S r (λ). The wavelength dependence is in the sense that the rotational broadening function widens as λ increases. This wavelength dependence is absent in ln λ-space (which is almost equivalent to pixel space for our spectra). By substitution of λ ′ = ln λ into the convolution integral for S r (λ) one finds:
where S ′ (ln λ) is the spectrum and A ′ (x ′ ) the rotational broadening function in ln λ-space.
The rotational broadening functions in ln λ-space for the different limb darkening laws can be found from the rotational broadening functions in λ-space (listed above) as follows:
This can be derived from the following:
Setting u = z/e λ ′ , one finds:
since S(y) = S ′ (ln y). Substituting x ′ = − ln(1 − u) finally yields:
The Width of Rotationally Broadened Lines
At low values of the projected rotational velocity (v sini < ∼ 80 km s −1 ) the measured width of a line that is not affected by other broadening mechanisms (Apart from thermal and instrumental) can be directly converted into a value of v sini. In this paper we use metal lines for this purpose and measure their FWHM by fitting Gaussians. This implies a measurement of the second moment of the 
5 s line profile. If the second moment of a Gaussian is σ then the FWHM is given by 2 √ 2ln2σ. The second moment of a broadened, intrinsically infinitely sharp line centered on λ 0 is given by:
withr(λ) in this case given by:
Because of symmetry Eq. (A11) reduces to:
Note that the last integral contains an integrand in which only terms of the form x 2 (1 − x 2 ) ν occur, which are all symmetrical around zero. The Beta-function can be given as:
So one can easily evaluate σ 2 using this expression for the Beta-function and the relation between the Beta function and the Gamma-function. For linear limb-darkening the result is:
The results for quadratic and square-root limb-darkening are: 
The ECHELEC spectra that are being analyzed are recorded in ln λ-space and in that case one can show that the general equation for the second moment σ ′ is:
The two integrals in the equation cannot be calculated straightforwardly. However, in the limit v sini/c ≪ 1 the integrals reduce to the same form as for σ but without the dependence on wavelength. Since the method is specifically applied in cases of low values of v sini the approximation should hold when determining v sini from the FWHM of the metal lines. As mentioned in Sect. 3.2 it is necessary to filter both the target and the broadened template spectrum before comparing the two. The filtering is done in Fourier-space and the high-pass filter is constructed as follows. The information relevant to the rotation of a star can be found in its spectrum on spatial scales ∼ 2v sini (in km s −1 ). All components in the spectrum with longer spatial scales than this value carry essentially no information on v sini and can be filtered out. So based on the highest value in the v sini search interval one can construct the high-pass filter in Fourier-space. This filter is a step function with its edge tapered by a narrow Gaussian. The edge of the filter is placed at the frequency corresponding to the upper limit of the tested v sini values. In practice two extra frequencies below the edge value are retained. This is to insure that one does not throw away too much information. After filtering, the comparison between template and target is done as described in Sect. 3.2.
The data do not contain a number of points equal to a power of two as required by the FFT routine used. So in practice in order to avoid creating large discontinuities in the data by zero padding we connect the endpoints in the data by a straight line and subtract that line from the data. The endpoints are often very noisy so we first discard the outer 10 points at each end. Components with a spatial wavelength smaller than ∼ 260 km s −1 were never filtered out in order to avoid being dominated by small mismatches between template and target spectrum. Signal to noise considerations also lead us to throw out 40 extra pixels at both edges of every spectral order (containing 500 pixels in total) before calculating the mean absolute difference between template and target.
Note that before doing the comparison one has to make sure that the template and target spectrum are shifted to the same radial velocity. It turns out that aligning the spectra to within one pixel is sufficiently accurate (see Appendix C). This can be done by eye.
Appendix C: The Effects of Gravity-and LimbDarkening on Template Broadening
As discussed in Sect. 3.2 we expect gravity-and limbdarkening to have more severe effects when one uses template broadening to derive v sini. We investigated this by generating synthetic data from the ab initio models by CTC. We took the models of the He i λ4026 line and the Hγ line and constructed synthetic 'spectral orders' with the same characteristics as an ECHELEC spectral order. The continuum was taken to be constant (normalized flux 1) and Poisson noise was added artificially. The artificial spectral order is calculated in ln λ-space because the models are given as a function of wavelength. Models with low values of v sini were used as templates. This investigation was done for B3 and B9 models in order to compare results for different spectral types.
An example is shown in Fig. 16 for the He i λ4026 line. In both cases the target spectrum is that of a star with w = 0.8 and i = 90
• The corresponding values of v sini are 250 km s −1 and 213 km s −1 , respectively, for the B3 and B9 target. The noise in the target spectra corresponds to a signal to noise ratio of 250. This is a typical value for order 142. The templates were non-rotating models in both cases. The template broadening technique applied in these two cases yields values for v sini of 240 km s −1 for the B3 target and 180 km s −1 for the B9 target. The broadened template spectra in Fig. 16 correspond to these values. Also plotted in Fig. 16 are the same model spectra without the noise in order to show the actual differences between the broadened template and the target. In both cases one can see that the He i λ4026 line from the ab initio model is narrower and less deep than the corresponding classically broadened template. This effect is largest for the B9 star. In both cases v sini is underestimated by template broadening, but the error for the B3 star is less than 5%. Note that for both spectral types the fit of the noisy broadened template to the noisy data looks good in the high-pass filter case even though the value of v sini is wrong.
For the parameters of the example shown (S/N = 250, no radial velocity shifts, zero-rotation template), template broadening gives the correct results up to w = 0.8 for B3 stars (v sini is underestimated by ∼ 5% for w = 0.8, i = 90
• ). For B3 stars rotating at w ≥ 0.9 the value of v sini can be underestimated up to 15%. For B9 stars template broadening only works well up to w = 0.5 (v sini is underestimated by ∼ 10% for w = 0.5, i = 90
• ). For higher values of w, v sini is underestimated by at least 10-15% and for w ≥ 0.9 the discrepancies between template broadening and model fitting are so severe that depending on the inclination v sini can be overestimated as well as underestimated by ∼ 20%.
For the B3 models we investigated the effects of other parameters in the synthetic data. At a lower signal-tonoise ratio in the spectrum (S/N=100) the results are not affected. If one introduces small radial velocity shifts of 1 to 2 pixels between template and object the v sini values from template broadening are off by 5-8% at the lowest intrinsic v sini values. At higher values of v sini the results are not affected; it becomes less important at those values to have the phases of template and object match exactly. If one uses a template for which v sini ≈ 30 km s −1 the value for the target is underestimated even more. For w ≤ 0.8 v sini is now underestimated by 5-10% and for higher values of w the underestimates can be up to 17%.
The results can be summarized by stating that the v sini values for template broadening of the He i λ4026 line can be trusted up to ∼ 200 km s −1 for early type B3 stars. For the B9 stars one should only trust template broadening for values of v sini less than 120-150 km s −1 . The situation is reversed when using the Hγ line. Now it is the B3 stars for which v sini is underestimated at low values of w. The value of v sini from template broadening can be off by as much as 30% at w = 0.5. For B9 stars the value of v sini from template broadening can be trusted up to high values of w. Fig. 16 . Example of template broadening applied to synthetic data. The four panels on the left indicate the results for B3 models. The panels on the right show the results for B9 models. The top four panels show a direct comparison between the best fitting broadened template (thick line) and target (thin line). The best fits are based on the filtered data. In the top two panels the dashed line is the broadened template corresponding to the real value of v sini of the object. The bottom panels show the comparison after high-pass filtering of the data. The same results are shown for synthetic data with and without noise. The noisy data have a signal to noise ratio of 250. In both cases the template is a non-rotating star and the target rotates at 80% of the critical angular velocity. The inclination angle is 90
• in both cases. The resulting values of v sini are 250 km s −1 and 213 km s −1 , respectively, for the B3 and B9 targets. The values of v sini found from template broadening are 240 km s −1 and 180 km s −1 , respectively. The broadened templates in this figure correspond to the latter v sini values. Note the differences in vertical scale.
The difference in behaviour of He i λ4026 and Hγ with spectral type is due to a difference in sensitivity to surface gravity. The Balmer lines are most sensitive to surface gravity changes for the early type B-stars. A reduction of the surface gravity causes the wings of the Balmer lines to become less important whereas the line strength in the core remains the same. This effect leads to underestimated v sini values and is strongest for the early-type B-stars. The He i λ4026 line shows the opposite behaviour and it is the late-type B-stars for which the line is most sensitive to changes in surface gravity. In this case the whole line becomes weaker and narrower.
The general conclusion is that one should be careful when using template broadening results as soon as v sini is larger than ∼ 120-150 km s −1 . Visual inspection of the results is required and one should take the spectral type of the target star into account.
The role of limb-darkening was already discussed in Sect. 3.1. In the simulations we also used the linear limbdarkening law with parameter u = 0.4 to calculate the broadened template. The results suggest that the choice of limb-darkening law does not affect the outcome by much. To investigate this a little further we re-determined v sini for a couple of our stars with a different choice of limb-darkening law. The two other forms we tried are the quadratic and square-root approximations to limbdarkening (see e.g., Díaz-Cordovés & Giménez 1992) . We took a couple of stars and used a limb-darkening law and parameters appropriate for the spectral type of the stars. The results were not affected and we are confident that the choice of limb-darkening law is not important when using template broadening. The reason is that the differences due to limb-darkening are obscured by the noise in the spectra.
